The MINOS experiment took data for seven years between May 2005 and April 2012. Since then it has been reborn as the new MINOS+ experiment in the upgraded medium energy NuMI beam and started taking data in September 2013. An update to the MINOS standard oscillations three-flavour disappearance analysis is presented which includes 28% more atmospheric neutrino data. This combined three-flavour analysis calculates an atmospheric parameter best-fit point of ∆m 2 32 = 2.37
+0.11
−0.07 × 10 −3 eV 2 and sin 2 θ 23 = 0.43
+0.19
−0.05 for the inverted hierarchy, for which the MINOS fit shows a slight preference. A first look at the new MINOS+ beam data is presented. The new data is consistent with the combined three-flavour analysis. Finally, new MINOS results for the search for sterile neutrinos using neutrino disappearance are shown which cut out a significant amount of the allowed phase space for a sterile neutrino to exist. 25 -30 August, 2014 University of Glasgow, United Kingdom
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Introduction
Over the past decade, MINOS has been successfully measuring fundamental neutrino oscillations parameters. Using the NuMI beam [1] and its two-detector design, a Near Detector (ND) at the beam source at Fermilab and a Far Detector (FD) 735 km away in the Soudan Mine in Minnesota [2] , MINOS was able to cancel out many systematic uncertainties, for example associated with Neutrino Flux [3] , and push the boundaries of the measurements that could be made [4] - [6] .
MINOS took data between May 2005 and April 2012, mostly in the so-called Low Energy (LE) beam configuration, with the neutrino spectrum peaked at approximately 3 GeV, close to the standard 3-flavour oscillations maximum at about 1.6 GeV in the MINOS Far detector. This allowed MINOS to carry out precise measurements of the muon neutrino disappearance oscillations parameters. MINOS was then reborn as the ongoing MINOS+ experiment [7] , and is now taking data in the NOνA-era NuMI beam, which started producing neutrinos in September 2013 and is running at a higher energy, optimal for the NOνA experiment [8] . This so-called Medium Energy (ME) beam is peaked at approximately 7 GeV, relatively far from the standard 3-flavour oscillations maximum, however, on the other hand, MINOS+ is currently the only neutrino experiment in the world seeing a wide-band on-axis beam, with a wider neutrino energy range than other accelerator neutrino experiments such as NOνA and T2K, and with significantly more events per unit of exposure due to being on-axis. MINOS+ has therefore a unique potential to look for new physics and exotic phenomena such as sterile neutrinos, Non-Standard Interactions (NSI) [9] , and large extra dimensions. This proceedings paper summarises some MINOS and MINOS+ results as of October 2014.
The MINOS(+) Experiment
The MINOS(+) experiment consists of two detectors, a Near and a Far Detector. The detectors are in the path of the NuMI neutrino beam. The ND is located at Fermilab, 1.04 km from the NuMI beam source, and its purpose is to measure the neutrino beam before oscillations have occured. The FD is located ∼700 m underground in the Soudan Mine, and measures the neutrino beam after the neutrinos have oscillated.
In order to generate neutrinos, the NuMI beam sends bunches of 120 GeV protons onto a 1 m long graphite target. This generates hadrons which are focused by two magnetic horns and decay into secondaries and neutrinos in a 675 m long decay pipe. The secondaries are then removed from the beam by a hadron absorber at the end of the decay pipe and a "muon shield" consisting of 240 m of dolomite rock on the way to the MINOS ND. This leaves a neutrino beam that consists mostly of muon neutrinos (91.7%), with an admixture of muon antineutrinos (7%), and a small electron neutrino contamination (1.3%). The NuMI beam can be modified to produce an antineutrino enhanced beam (rather than the standard neutrino-dominated beam) by reversing the horn current and thus focusing negative hadrons.
Both MINOS(+) detectors are large magnetized iron scintillator tracking calorimeters optimised to measure muon tracks from muon neutrino charged current (CC) interactions and to separate muon neutrinos from antineutrinos based on track curvature. They are built out of alternate planes made of steel and scintillator. The scintillator planes are attached to the steel planes and consist of long scintillator strips with embeded wavelength shifting fibers that are read out by pho- 
Neutrino Oscillations
There are three known active neutrino flavours, the electron, muon, and tau neutrino (ν e ,ν µ ,ν τ ). Each neutrino also has a corresponding antineutrino. Neutrinos interact only via the weak force (and gravity), and therefore very rarely, and have been observed to oscillate between the flavours as they travel. Neutrino oscillations can be described by Equation 1.1:
where U is the Pontecorvo-Maki-Nakagava-Sakata (PMNS) matrix [10] - [12] which has a parametrisation of the form: In the above, ν e,µ,τ are the neutrino flavour eigenstates, ν 1,2,3 are the neutrino mass eigenstates, c i j = cos θ i j , s i j = sin θ i j , with θ i j being the mixing angle, and δ is the charge-parity (CP) violating phase.
For a two-neutrino approximation where the difference in mass between two of the mass states is very small, the probability that a muon neutrino will have oscillated to a tau neutrino as it prop-agates is to first order given by:
where L is the baseline in km, E is the neutrino energy in GeV, and ∆m 2 is the mass squared difference between the two effective flavour states in eV 2 /c 4 . Three-flavour neutrino oscillations are actually parametrised using two mass squared differences -∆m 2 21 (solar sector) and ∆m 2 32 (atmospheric sector), three mixing angles -θ 12 , θ 13 , and θ 23 , and a Charge Parity violating phase -δ . As the θ 13 angle has now been measured by the Daya Bay [13] , Double Chooz [14] and RENO [15] experiments to be ≈ 9 • , it can no longer be treated as negligible, and the full three-flavour framework has been adopted by MINOS for oscillation measurements. Currently the outstanding unknowns in the standard neutrino oscillations framework are the neutrino mass hierarchy (whether the mass state m 3 is heavier or lighter than the m 1 -m 2 mass state "doublet"), the CP violating phase δ , and the precise value of the mixing angle θ 23 , including the octant of the sin 2 θ 23 term.
Sterile Neutrinos
Though LEP has measured the number of light neutrinos to be 2.984±0.008 [16] 1 there is still the possibility that there are sterile neutrinos that do not interact via the weak force. There could be a fourth (or more) neutrino mass state that oscillates together with the standard active neutrinos but cannot be detected via normal charged current (CC) and neutral current (NC) interactions. For example, assuming a simple 3+1 model, this could lead to the observation of additional neutrino disappearance depending on the value of the third mass squared difference term ∆m 2 43 . There would also be additional mixing angles θ 14 , θ 24 and θ 34 .
Sterile neutrinos could explain some of the anomalies seen in the neutrino sector such as the LSND [18] and MiniBooNE [19] results, but so far the evidence has been inconclusive with tension between appearance and disappearance results.
Results
Standard Oscillations Three-Flavour Results
New results are presented for the combined three-flavour analysis using ν µ disappearance data, ν e appearance data, and an increased atmospheric event sample of 48.7 kT-years. As in the previous results from this analysis [6] , the full MINOS beam data set is used with a total exposure of 10.71×10 20 protons-on-target (POT) of neutrino-dominated mode beam data, and 3.36×10 20 POT of antineutrino-enhanced beam mode data. The larger atmospheric event sample used here corresponds to a 28% increase on the previous analysis, which used 37.88 kT-years of data.
For the ν µ beam data, CC interactions are selected by requiring that there be a muon track and applying a k-Nearest-Neighbor algorithm [20] using various muon track variables related to energy deposition and topology of the track. Both a contained-vertex (fiducial volume) sample is selected for the beam muon neutrino events and a non-fiducial muon sample, with vertices outside the detector. A special selection is also applied to select a sample of muon antineutrino events in the neutrino beam, and to select muon antineutrinos in the antineutrino-enhanced beam. For the ν e beam data, CC events are selected using a library-event-matching (LEM) algorithm, which compares shower events to large samples of tens of millions of NC background and CC-ν e signal events in order to determine whether a given event is CC-ν e -like [5] . To include atmospheric neutrinos and distinguish them from cosmic ray background events in the combined analysis, several different categories of events are analysed (see [21] for detail). The two main sample categories are contained-vertex events and non-fiducial (upward going or horizontal muon track) events. The FD veto-shield helps in reducing the background cosmic ray muon events by checking for coincidences between hits in the shield and the selected tracks. The contained-vertex and non-fiducial atmospheric neutrino samples are further split into muon neutrino and antineutrino samples using track curvature, and into different energy slices. Finally, an atmospheric shower selection is also included in the combined analysis. A summary of the muon neutrino spectra used in this analysis is shown in Fig. 2 of the MSW [22] - [23] effect. For the beam events, the ND is used to predict the FD event spectra.
A summary of the numbers of events selected in the combined three-flavour analysis is presented in Table 1 . The fit obtains a best fit value for the atmospheric mass squared difference of ∆m 2 32 = 2.34 [24] are shown in Fig. 4 . The MINOS(+) results represent the most precise measurement of ∆m 2 32 to date. In the future, it should be possible to combine MINOS(+) and NOνA data together (when the latter becomes available) to achieve even more precise results and cut into the θ 23 octant and neutrino mass hierarchy phase space. 
New MINOS+ Data
The upgraded NuMI beam restarted on the fourth of September 2013 in ME mode and data from a total beam exposure of 1.68×10 20 POT is used for the MINOS+ spectra shown in this paper. The new MINOS+ data are presented in Fig. 5 together with the ratios to no oscillations. The oscillations prediction comes from the best-fit results presented in the previous section. The MINOS+ data are consistent with the MINOS oscillation results. The neutrino data sample contains 1037 events with an oscillated (unoscillated) prediction of 1088 (1255) events. The antineutrino sample contains 48 events, with an oscillated (unoscillated) prediction of 47 (52) events.
MINOS Sterile Neutrino Results
MINOS uses the simple 3+1 model for its sterile neutrino results. Essentially it looks for distortions from a three-flavour formalism. There are three different regimes in which MINOS is sensitive to a fourth sterile neutrino. For small ∆m 2 43 0.1 eV 2 , in the "slow" sterile oscillations regime, spectrum disortions are expected well above the standard oscillations maximum in the FD, with no effect in the ND. For medium values of 0.1 eV 2 ∆m 2 43 1 eV 2 , in the "intermediate" regime, sterile oscillations at the FD become fast and average out and result in a counting experiment, still without effect in the ND. For large ∆m 2 43 1 eV 2 however, in the "rapid" sterile oscillations regime, there are rapid oscillations at the FD which average out, and in addition there is an oscillations effect in the ND which affects the extrapolation to the FD.
In order to account for ND distortions of the spectrum due to sterile neutrino oscillations, MINOS looks at the Far/Near ratio for both the CC and NC events and fits the oscillated F/N ratio directly to the F/N data ratio using a χ 2 function. It fits for several parameters: ∆m 2 32 , θ 23 , ∆m 2 43 , θ 24 and θ 34 . Systematic uncertainties are reassessed, including beam systematic uncertainties which become more important due to the possible ND oscillations for large values of ∆m 2 43 . Covariance matrices are used to include a total of 26 different systematic uncertainties in the fit, and the Feldman-Cousins approach is used to correct the log-likelihood surfaces [25] . For the results shown here, the full MINOS LE neutrino-dominated beam mode data set of 10.56 ×10 20 POT is used. Fig. 6 shows a comparison of the FD data with the standard three-flavour prediction for the full MINOS LE neutrino-mode beam sample, including the corresponding Far/Near ratios. 2712 ν µ -CC-like events, and 1221 NC-like events, are observed in the FD. After the final fit of the Far/Near predictions to the Far/Near data, MINOS gives the world's strongest constraint on muon neutrino to sterile neutrino oscillations for ∆m 2 43 1 eV 2 . The corresponding contours can be seen in Fig. 7 . Moving forward, additional neutrino data from MINOS+, and also data in antineutrino-enhanced beam mode will provide even better limits for the sterile neutrino disappearance analysis.
Summary
The MINOS experiment has been reborn as the new MINOS+ experiment in the upgraded ME NuMI beam. It started taking data in September 2013 and has already contributed to the standard oscillations three-flavour analysis with additional atmospheric neutrinos data. This combined three- 
